e potential and efficiency of using rice husk ash (RHA) to add up or partially replace Portland cement in deep cement mixing technique are examined. A series of unconfined compression tests on cement-RHA-stabilized clay are conducted to investigate the influence of RHA on the mixture properties. Special attention is paid to its efficiency for increasing the strength by partial cement replacement to obtain high-strength soil cement, and it is compared with fly ash. Test results indicate that up to 35% of RHA could be advantageously added up to enhance the strength if the cement content in the mixture is larger than 10%. e RHA enhances the strength of cement-admixed clay by larger than 100% at 28 days. For curing time of 14 and 28 days, the RHA exhibits higher efficiency on Portland cement replacement when the cement and overall cementitious contents are not less than 20 and 35%, respectively. e optimum condition for high-strength mixture is achieved when RHA is added to the 20% cement content mixture. When compared with fly ash of similar grain size, the efficiency of RHA is higher when the content to be added is greater than 15%. is indicates the suitability of RHA for use in high-strength soil-cement.
Introduction
A large number of researches on utilization of waste materials have been increasingly conducted during the last two decades. For construction industry, the development and use of industrial and agricultural wastes, such as fly ash, blast furnace slag, metakaolin, rice husk ash (RHA), and bagasse ash (BA), are rapidly receiving attention as reviewed in many literatures [1] [2] [3] . e use of ashes by the grinding process in cement concrete generally improves the properties of concrete. e concretes containing ground fly ash or RHA are of good quality with reduced porosity and improved resistance to sulphate attack and chloride penetration [4, 5] as well as high strength [6] [7] [8] . Comparing to the fly ash which is the most common pozzolan being used worldwide in soil stabilization [9] , the utilization of rice husk ash as pozzolanic material is still comparatively low.
Rice husk is an agricultural residue which is renewable and available in significant amounts. With the annual rice production of 500 million tonnes in developing countries, approximately 100 million tonnes of rice husk is available annually for utilization in these countries alone. Rice husk is unusually high in ash: close to 20%. e ash content is 92 to 95% silica, highly porous, and lightweight and has very large external surface area. With the problem of handling and transportation due to its porous structure, a large amount of RHA is, however, treated as waste and disposed at landfill site.
erefore, an increase in utilizations of RHA has enormous potential for waste management as well.
e commercial uses of RHA are in the silica extraction process [10] , as pozzolanic material [4, 11, 12] and other applications. e silica exists in amorphous and crystalline forms depending on the temperature and duration of burning. is amorphous silica is highly reactive, particularly when it has a fine particle size. Since Portland cement requires enormous heating in its manufacture, partial replacement of cement by RHA will result in lower energy consumption and may be possible to generate certified emission reductions (carbon credits).
Soil improvement is an alternative way to utilize this ash. A large amount of researches on soil stabilization with cement-lime and RHA have been carried out to evaluate the suitability of these applications [2, [13] [14] [15] . ese indicate the potential of using RHA to partially replace Portland cement in many circumstances. However, all of the abovementioned applications are limited to the shallow stabilization with low cement content. For deep stabilization, research on the potential of using RHA on Portland cement replacement is very limited. is kind of application is usually necessary to the soft ground area from which the paddy is produced and the biomass power plants are located.
us, the transportation cost of rice husk ash can be reduced, and the feasibility of the application becomes more attractive. For soft clay improvement by deep cement mixing using either mechanical mixing or jet grouting techniques, high cement content is required as the water-to-cement ratio is the strength-controlled parameter [16] . Particularly, when the high strength of the mixture is required such as for slope protection of road or canal embankment [17, 18] , foundations of road, low-rise building, or small bridge [19, 20] , or deep excavation support [21, 22] , an extremely high cement content must be employed since the strength increase becomes less with increasing cement content at a specific water content.
e experimental results from previous studies revealed that a sharp increase in the strength occurred up to the region of 5% to 25% cement content. Beyond this range, the effectiveness of increasing cement content becomes inferior [16, 23] . With limitation on efficacy of increasing cement content, recent innovations attempting to enhance the deep cement mixing pile capacity include insertion of a more stiff core into the deep cement mixing pile [24, 25] and enlargement of the pile head [26] . However, expensive additional material and more complicated construction sequence with longer construction time are required.
With the aforementioned issue, the currently practical application of cement content ranges from 100 to 250 kg/m 3 of wet soil for road foundations. However, for foundations of small structures and slope works which require highstrength soil cement, the utilized cement content can be as large as 450 kg/m 3 [27] resulting to a large amount of cement consumption in each project. us, in this study, the measurement of potential and efficiency of utilizing RHA on partially replacing Portland cement in deep mixing works is carried out.
e efficiency of RHA on Portland cement replacement is discussed with that of fly ash (a widely utilized pozzolanic material of the coal power plants with lower silica content) from the previous study [28] .
Laboratory Test

Materials.
ree kinds of materials including cement, RHA, and soft clay were used in this research. Type I Portland cement with a specific gravity (G s ) of 3.14 is used in this study. From the previous study [28] , the minimum cement content of 10% is required for partial cement replacement of ground fly ash. For future development, the mixture strength for building foundation is expected to be as high as 1.5 MPa [29] . erefore, corresponding cementitious material content (C * ) in this study covers the range of 10 to 55% of dry soil.
e RHA used was a processed waste material incinerated at a controlled temperature (400°C-800°C) and atmosphere.
e chemical composition and physical properties of RHA are given in Table 1 . It is black in color.
e chemical analysis indicates that the material is principally composed of SiO 2 (93%) and can be used as a pozzolanic material according to ASTM C 618 [30] . e silica oxide content of RHA is much more than that of fly ash. From previous studies on the use of agrowaste ashes as constituents in concrete, the RHA could be used as a pozzolanic material when it has a fine particle size [31] . Moreover, by grinding, the porous structure of RHA particles would collapse, and the negative effect on water absorption dramatically reduces [32] . Before utilizing in the experiments, the RHA was ground to be finer by the Los Angeles abrasion machine. e gradation of RHA used in this study is controlled to achieve similar grain size distribution of the fly ash used in previous research [28] for comparison.
e grain size distribution after grinding is illustrated in Figure 1 , together with those of cement and clay used in this study as well as that of the fly ash used for comparison.
e soft clay sampled from King Mongkut's University of Technology onburi (KMUTT) located in southern part of Bangkok, ailand, is utilized in this study. Sampling was performed from the depth of 4 to 5 m in the soft clay layer.
e physical properties of the Bangkok clay are summarized in Table 2 . e undrained shear strength, S u , was obtained from unconfined compression (UC) tests ranging from 16 to 17 kPa.
Specimen Preparation.
e clay samples utilized in all tests were remolded to water contents of 130%, 160%, and 200%. Details on sample preparation are referred to previous works [23, 33, 34] . Only brief description is stated here. 2 Advances in Civil Engineering e amount of water added to a wet clay sample to the desired remolding water content was obtained using the following fundamental equation:
where ΔW w is the weight of water to be added, W T is the total weight of the prepared original untreated clay sample, w r is the required remolding clay water content, and w 0 is the natural water content of the clay sample. e remolding clay water content (w r ) is de ned as the water content of the remolded clay prior to the addition of cement slurry. After preparing the remolded clay by fewhour mixing of the disturbed clay and additional water, the cement-rice husk ash slurry having the water-cement ratio (W/C) of 1.0 was mixed with the clay sample. us, the overall water content of the paste just at the time of mixing will be the summation of the remolding water and the water in the cement-rice husk ash slurry. e overall water content in the mixture, called the total clay water content (w t ), is calculated as follows:
where C is the desired cement content (%) de ned as the percentage ratio of the weight of cement to the dry weight of soil.
Samples prepared by dropping and pushing the paste into the PVC mold and waxed to prevent moisture loss were cured in the humidity room for a period of 7, 14, and 28 days. After curing, each specimen was removed from the mold and made available for the intended tests. e density of each specimen with the same mixing condition was monitored and kept constant. Finally, for the particular mixing condition, the specimens with smooth surface and with similar densities were selected for testing. After curing, the variation of unit weight of the specimen must be in the range of ±1%.
Uncon ned Compression Tests.
Uncon ned compression tests were conducted in accordance with ASTM D2166-00 [35] . e specimens have diameter of 35 mm and height of 70 mm. e rate of shearing was maintained at 1.14% per minute, and the test program for cement-stabilized clay without and with RHA is summarized in Tables 3 and 4 , respectively, with 3 specimens per mixing. Figure 2 illustrates the stress-strain relationships from uncon ned compression tests of samples cured at 7 days with remolding water e results from samples with cement contents of 10, 20, and 30% without RHA and those of 20% cement content with varying RHA content are compared. e maximum stress, or strength, of material increases with increasing RHA content. is demonstrates that addition of RHA can signi cantly enhance the strength of the mixture with only 7 days of curing. A series of scanning electron microscopy (SEM) have been conducted. e strength increase can be explained by the interaction of microstructural mechanisms. Together with explanation by Chew et al. [36] , the mechanisms include hydration and pozzolanic reactions, surface deposition, and shallow in lling by cementitious products on clay clusters, as well as the presence of water trapped within clay clusters. By adding 15% RHA in the mixture having a cement content of 20%, the same strength to mixture with a cement content of 30% can be obtained. e in uence of RHA content on uncon ned compressive strength of cement-RHA-treated clay for di erent water contents and curing time is summarized in Figure 3 . Depending on the addition rate and mixing components, RHA enhances the uncon ned compressive strength of cement-admixed clay by up to larger than 100% at 28 days. is indicates the preliminary possibility of using RHA for replacing cement or adding up in cement deep mixing works.
Results and Discussion
Uncon ned Compressive Strength.
Besides the cement content and RHA content, other in uencing parameters on the strength characteristics of mixtures are water content and curing time. e water is essential in hydration process to improve strength characteristics. However, excessive water from hydration process leaded to drop of strength due to the increase in distance between interparticle or intercluster of particle spacing [37] . Figure 3 shows that the strength of mixtures with a remolding water content of 130% is 2 times larger than that with a remolding water content of 200% having the same amount of cement content, RHA content, and curing time. e in uence of curing time on strength development can also be observed in Figure 4 . For all the selected cases, the strengths increase with time but the rate of increase becomes smaller. e strength at the curing time of 28 days can be larger than 2 times of that at the curing time of 7 days. From overall testing results, it can be concluded that the strength characteristics of cement and cement-RHA-stabilized clay depend on mixing ratios (cement content, RHA content, and remolding water content) and curing time.
Modulus of Elasticity.
According to the current application as bearing resistance and design method of cement column which uses 50% of strength, the modulus of elasticity in terms of secant (50% q u ) modulus E 50 was selected to be investigated in this study. Figure 5 depicts the relationships of elastic modulus and strength of the cement with and without RHA admixed at the curing time of 7 and 28 days. E 50 of cement-RHA-stabilized clay at the curing time of 7 and 28 days can be estimated as 76.5q u and 84q u , respectively. Meanwhile, for cement-stabilized clay, the relationships can be approximated as 78q u and 73q u for the curing time of 7 and 28 days, respectively. e observed moduli of elasticity of cement-RHA-stabilized clay at a curing time of 7 days are almost the same with those admixed with cement at the same strength. However, for a curing time of 28 days, E 50 of cement-RHA-stabilized clay are higher. is is probably due to the additional e ects from RHA. is indicated that by adding with RHA, not only the strength could be gained, the deformation characteristic was also improved. However, when compared with the moduli of elasticity of cement-y ash-stabilized clay at the same strength from previous study, the values of cement-RHAstabilized clay are lower for both 7 and 28 days of curing time. Furthermore, unlike the cement and cement-y ashstabilized clays [28] and concrete [38] , the ratios of E 50 and strength of the cement-RHA-stabilized clays at 7-day curing time were smaller than the ones at 28-day curing time.
Efficiency of RHA as Cementitious Material
E ciency of RHA on Strength
Increase. In this part, the e ciency of rice husk ash as an additional Portland cement is discussed. Figures 6(a) -6(c) illustrate the strength changes of the cement-admixed clay and the cement-admixed clay with added RHA of various cement contents (10, 20, and 30%) for di erent curing times. In each gure, the results for di erent water contents are shown. e cementitious content (C * ) is de ned as the summation of the cement (C) and RHA contents (R w ). It can be observed that when compared to the strengths of the cement-admixed clay with the same cementitious content, the additional RHA leads to the decrease of strength of the mixtures with RHA having a cement content of 10% for all remolding water contents at the curing time of 7 days.
is is probably because the pozzolanic reaction has not fully taken place due to the insu cient amount of product from the hydration process. For the mixtures with all remolding water content at the curing time of 14 and 28 days, the strengths of the RHA-added mixtures are approximately the same as those of the cement-admixed clay without RHA having the same cementitious content. For the 20% cement content mixtures with RHA, the strengths of the mixture are moderately smaller or almost equal to those of the mixture without RHA for a small amount of RHA addition. With increasing RHA content to not less than 15%, the strengths become larger than those of the mixture without RHA and signi cantly larger when the additional RHA content is equal or greater than 25%. ese behaviors are observed for the mixtures at all curing times. e strength increase continues with the addition of RHA content up to 35%, which is 64% of overall cementitious content for this condition. 
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For the mixtures with RHA having 30% cement content at all curing times, the strengths of the RHA-added mixtures having the same cementitious material content become greater than those of mixtures without RHA when only 5% RHA content is used. Comparing with previous results of the 20% cement content mixtures with RHA, it seems that the strengths of the mixtures with RHA are larger than those of mixtures without RHA if the cementitious material content is not less than 35%. e rapid increases of strength can be clearly seen when the additional RHA content is equal or greater than 10%. Moreover, for the mixtures with RHA having cement contents of 20% and 30%, the strengths of mixtures with the same cementitious material content (C * ) are approximately the same when C * is 45% and 55%. Since the cost of RHA is inexpensive, this suggests that the cement content of 20% is optimum for cement RHA-admixed clay for the range of cementitious content in this study.
Considering as Equivalent Cement Content and Comparison with Fly Ash.
e amount of RHA content to be added is converted to additional cement amount from cement base, the so-called equivalent cement content C ′ , by means of back calculation of uncon ned compressive strength. Widely used empirical Féret's equation modi ed by [39] for concrete strength analysis is adopted:
where k denotes the e ciency factor of any pozzolanic materials for replacement or adding up which is the function of chemical composition and grain size distribution of the pozzolanic materials and C, W, and P are the cement, water, and pozzolanic contents (%), respectively. By replacing the term kP with C ′ , the parameter C ′ can be calculated as
Prior to the calculation of C ′ , the other parameters in (4), that is, K and a must be determined. is can be done by considering the mixtures without RHA.
e relationship between uncon ned compressive strength and cementwater ratio (C/W) is illustrated in Figure 7 .
In this study, W is the total water content subtracted by a constant. From the analysis, this constant is found to be 80 which is close to the natural water content of the tested clay. However, further investigations on how this constant changes for clays with other natural water contents should be examined. e K values for the curing time of 7, 14, and 28 days were then calculated from slopes of the lines. e parameter a in the Papadakis and Tsimas equation for the curing time of 7, 14, and 28 days was obtained from y interception of each line as well.
e calculated values are summarized in Table 5 .
Substitutions of the uncon ned compressive strength of cement-rice husk ash-treated clay, the mixing proportion and the parameters in Table 5 for each curing times, and the C′ values are obtained. Figures 8 and 9 show the relationship between the actual content in the mixture and the calculated equivalent cement content C ′ of cement-RHA-treated clays for various remolding water contents and curing times (only the curing time of 7 and 28 days are illustrated) together with those of cement-y ash-treated clays from previous study and the straight line with slope 1 : 1. From the gures, it is seen that the e ciency of cement replacement of rice husk ash increases with increasing curing time and cement content and decreasing water content. For a curing time of 7 days, adding RHA improves the strength of the mixture with lower equivalent e ciency as most graphs are under 1 : 1 line. However, for higher cement content and lower water content (e.g., C 30% and w r 130%), the graph is above 1 : 1 lines. For a curing time of 28 days and cement content of not less than 20%, adding RHA enhances the strength of the mixture with higher e ciency compared to Portland cement as the data are above the 1 : 1 line. e high e ciency of adding RHA can continue to be 35% for the cement contents of 20 and 30%, which means that the ratios of RHA to cement are greater than one. e nding in concrete work that the RHA can be e ectively used up to 50% replacement of Portland cement [38, 40] indicates that the e ciency of RHA on cement replacement in cement-stabilized clay is superior to that in concrete. For mixtures with a cement content of 10%, adding RHA exhibits equal e ciency to cement up to adding content of 15%. With further increasing RHA content, the e ciency decreases. 
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Next, the comparison between the e ciency of replacement of y ash and RHA is made and discussed. At the early age (7 days), the e ciency on Portland cement replacement of y ash is superior to that of RHA. is can probably be explained that, at the initial time, the structure from products of pozzolanic reactions is still not playing an important role. us, the increase in strength would come from lling of ash into clay clusters. Since y ash has spherical shape, it is easier than RHA to ll in. Moreover, since the y ash has CaO, there might be the additional hydration e ect from the y ash. For long term, it can be distinguished at the adding content of 15%. For pozzolanic content less than or equal to 15%, the y ash exhibits better e ciency, whereas the RHA is superior when the content to be added is greater than 15%. is suggests that the RHA is more suitable for making high-strength soil-cement. Pozzolanic material content, P (%)
Fly ash (data from [28] )
Rice husk ash (this study) Pozzolanic material content, P (%)
Rice husk ash (this study)
Curing time = 7 days w r = 200%
Rice husk ash (this study) 
Conclusion
Results from the experiments con rm that ground rice husk ash could be bene cially added into cement deep mixing to enhance the strength characteristics. e e ciency of rice husk ash depends on the proportion of the cement, rice husk ash, and water content in the mixtures as well as the curing time. e RHA enhances the strength of cement-admixed clay by larger than 100%, depending on the addition rate and mixing components. For the curing period of 14 and 28 days and the range of water content in this study, the rice husk ash exhibits higher e ciency on Portland cement replacement when the cement and cementitious contents in the mixture are not less than 20 and 35%, respectively. e RHA content in overall cementitious materials which enhances the strength of the mixture can be larger than 50%. When compared with y ash of similar grain size, the e ciency of rice husk ash is higher when the content to be added is greater than 15%. 
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